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ABSTRACT 
The perception of airways irritation is represented in a distributed brain network. However, the 
functional roles of sub-regions of this network are yet to be determined. The aim of this study 
was to measure brain activation in healthy participants as they inhaled two doses of capsaicin to 
identify dose-dependent and dose-independent responses.   Blood oxygen level-dependent 
functional magnetic resonance imaging (fMRI) measures of brain responses during inhalation of 
saline, and a low and high dose of capsaicin were made from 16 healthy participants. Subjective 
ratings of the urge-to-cough were also made during capsaicin challenges.  The majority of brain 
regions that were activated during capsaicin inhalation, including insula and mid cingulate 
cortex, showed graduated responses to the two doses of capsaicin. Prefrontal and parietal regions 
had dose-independent activation, whereas premotor regions and the cerebellum activated 
exclusively at the high dose of capsaicin.  Activation in the somatosensory and mid cingulate 
cortices correlated with ratings of urge-to-cough. In the brainstem, capsaicin produced dose-
dependent activations in respiratory-related regions of the dorsal pons and lateral medulla.  These 
data show dissociable response patterns to capsaicin inhalation that may represent different 
regional processes involved in monitoring and assessing stimulus intensity, determining the 
spatial localization of the stimulus and suppressing motor responses. 
 
Keywords: Cough; Respiratory sensation; Blood oxygen level dependent; Cortex; Functional 
magnetic resonance imaging. 
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1.0 Introduction 
Noxious stimulation of the airways precipitates a variety of defensive behaviours, the most 
notable of which in humans is coughing (Widdicombe 2006).  Cough serves to protect the 
airways and lungs from potentially damaging irritants and is essential for maintaining normal 
airway patency (Ebihara et al., 2003; Smina et al., 2003).  Dysfunction of cough in disease 
represents one of the most common reasons people seek medical advice (Burt and Schappert 
2004; Schappert 1993).  In most clinical cough conditions, the cough motor output is preceded 
by an awareness of irritation in the upper airways and an accompanying perception of a desire 
(urge) to cough (Davenport et al., 2002). This often persistent and unpleasant respiratory 
sensation is not necessarily satiated by the act of coughing (McGarvey et al., 2009) and 
contributes significantly to morbidity in patients with respiratory disease (French et al., 1998).  
The perceptual awareness associated with noxious stimulation of the airways may also help 
regulate voluntary behavioural efforts to clear the airways.  In this sense, the neurobiological role 
of a subjective urge-to-cough may be to initiate cognitive processes that facilitate the control of 
an otherwise purely reflexive response to noxious airway stimulation (Davenport 2009).  
 Relatively little is known about the higher brain circuitry that is activated when noxious 
stimuli are applied to the airways (Widdicombe et al., 2006; Mazzone et al., 2011b).  We have 
previously mapped neural circuitry associated with noxious airway stimulation in humans by 
having participants inhale the TRPV1 agonist capsaicin while measuring regional changes in 
brain blood oxygen level-dependent (BOLD) responses using fMRI (Mazzone et al., 2007).   We 
identified a distributed network of cortical and subcortical brain regions activated in association 
with the experience of an urge-to-cough during capsaicin inhalation.  These regions 
4 
This is a post-print version of the following article: Farrell, Michael J., Cole, Leonie J., 
Chiapoco, David, Egan, Gary F. and Mazzone, Stuart B. (2012) Neural correlates coding 
stimulus level and perception of capsaicin-evoked urge-to-cough in humans. NeuroImage, 61 4: 
1324-1335. 
 
encompassed sensory, motor, pre-motor and limbic structures, and were not dissimilar to the 
regions of brain activation that accompany somatic and visceral pain associated with noxious 
stimulation (Coen et al., 2007; Mazzone et al., 2007; reviewed in Mazzone et al., 2009).  In the 
present study we set out to characterize response patterns in this network and test the hypothesis 
that regional brain activation during two doses of capsaicin inhalation could help differentiate 
components of this network that encode stimulus level, sensory intensity and spatial sensory 
discrimination.  
 
 
2.0 Methods 
The study was approved by the Melbourne Health Human Research Ethics Committee 
(Australia). All participants provided written consent to participate in the study. Sixteen healthy, 
non-smoking participants with no history of chronic respiratory or neurological disease or acute 
respiratory infection were recruited for the study. The sixteen participants included five women 
and had a mean age of 25.7±2.1 years. The cohort used for this study did not include any of the 
individuals that had been participants in our previous report of brain activation associated with 
capsaicin inhalation (Mazzone et al., 2007).  Some of the participants were involved our 
published experiments assessing motor control of voluntary cough, evoked cough and cough 
suppression (Mazzone et al., 2011), although these studies were conducted independently in 
separate scanning sessions with obviously different study designs. 
 
2.1 Psychophysical Session 
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In an initial psychophysical testing session, the concentration of capsaicin required to elicit 
two spontaneous coughs was determined by the method of limits, and denoted as the C2 
concentration. Capsaicin solution was prepared in doubling doses from 0.25μM to 125 μM (i.e. 
ten dose increments) and delivered using a custom designed apparatus as previously described 
(Mazzone et al., 2007; 2011). In short, medical air was delivered to a nebulizer containing the 
capsaicin solution to produce a fine mist that passed through a short length of hose into a 
facemask and then passively entered the airways upon inhalation by the participant. The 
sensation evoked by the nebulized capsaicin was experienced during inhalation and exhalation of 
the solution and was absent upon the initiation of a subsequent breath of fresh air. After the C2 
concentration was established, a further 12 stimuli were delivered in a random order: four stimuli 
at the intensity corresponding with the C2 concentration, four at a stimulus intensity two dose 
increments above the C2 concentration (C2+2) and four at a stimulus intensity two dose 
increments below the C2 concentration (C2-2).  Each capsaicin challenge involved a single vital 
capacity inhalation and exhalation, was approximately four-seconds in duration, and was 
followed by approximately 90 seconds of rest before a subsequent challenge.  Immediately after 
each challenge, participants provided a measure of their urge-to-cough on an eleven-point scale 
where 0 denoted no urge-to-cough and 10 represented a maximum urge to cough. Participants 
were instructed to suppress coughing to the best of their ability during inhalation and exhalation 
of doses. The occurrence of cough was also noted after each capsaicin challenge.  
 
2.2 Brain Imaging Session 
2.2.1 Image Acquisition 
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Structural and functional MRI data were collected on a Siemens Trio 3T scanner (Siemens 
AG, Erlangen, Germany) with 32-channel head coil located at the Murdoch Children’s Research 
Institute, Melbourne, Australia. Anatomical T1‐weighted images were acquired in the sagittal 
plane (208 slices, 0.90 mm thickness, 0.94 x 0.94 mm2 in‐plane resolution, echo time (TE) = 2.54 
ms, repetition time (TR) = 1,900 ms, flip angle = 9°). Three functional MRI (fMRI) scans of 492-
second duration were performed using the BOLD contrast. Echo planar images (EPI) were 
acquired in the transaxial plane (36 slices, 4.5 mm thickness, 3.28 x 3.28 mm in‐plane resolution, 
TE = 32 ms, TR = 2,000 ms, FA = 90°). 
 
2.2.2 fMRI protocol 
Prior to entering the scanner, all participants were retested to confirm that they could 
suppress evoked coughing during an 18 second challenge with their C2 threshold dose. In cases 
where participants were unable to suppress cough, the dose of capsaicin was decreased slightly 
to produce a strong but suppressible urge-to-cough.  If the participant’s urge-to-cough ratings 
were unexpectedly low at the C2 threshold level then the dose was adjusted upward to achieve 
the objectives of a strong sensation and cough suppression. The adjusted dose was denoted as the 
“high capsaicin” dose for use during scanning. A second, “low capsaicin” dose two increments 
below the participant’s high capsaicin dose was also used during scanning.  
During image acquisition, participants lay comfortably on the scanner bed with their head 
stabilized with foam padding. Participants were provided with hearing protection and were fitted 
with a facemask and nebulizing apparatus that was compatible with the magnetic resonance 
imaging (MRI) environment. Participants were also fitted with a respiratory monitor that 
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provided online measurements of thoracic movement throughout the experiment. Thoracic 
movement was measured with a pneumotrace device (AD Instruments) coupled to an amplifier, 
the output of which was recorded with Lab Chart software (AD Instruments). The pneumotrace 
device responds linearly to changes in length, and when placed around the chest measures 
changes in thoracic circumference that can be used to derive breathing movements. A periscope 
mirror attached to the scanner head coil enabled participants to view a projector screen that 
provided visual cues throughout the experimental session. 
During each fMRI scan, participants were periodically presented with nebulized saline, a 
low dose of nebulized capsaicin, or a high dose of nebulized capsaicin.  Each stimulus (saline, 
low capsaicin, high capsaicin) was presented in random order, in a blinded fashion and eight 
times in total across the three fMRI scans. Stimuli were delivered in 18-second blocks with 60-
second inter-stimulus intervals (42 second no-stimulus periods). A visual “Ready” cue displayed 
3-seconds prior to stimulus onset was used to instruct participants to prepare for the impending 
saline or capsaicin challenge, so that participants’ initial tidal inhalations coincided with the 
onset of each challenge and the appearance of a “Go” cue. Participants were instructed to breathe 
at their own pace during each challenge and to suppress coughing if able to do so. Another visual 
cue appeared three seconds after stimulus offset, instructing participants to rate their urge-to-
cough. Participants were told to rate urge-to-cough using their right hand on a scale of 0 (no 
urge) to 10 (maximal urge to cough) (see Figure 1 for schematic representation of protocol). The 
occurrence of a cough during each challenge was also recorded and later confirmed by reference 
to the online recordings of thoracic movement. At the completion of the experiment participants 
were asked to report any additional sensations they experienced.    
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2.3 Data Analysis 
2.3.1 Psychophysical Analysis 
An independent t-test was used to test for sex differences in C2 thresholds.  Repeated 
measures ANOVA and post hoc dependent t-tests were used to test the effect of capsaicin dose 
on the urge-to-cough and cough frequency, using data from the psychophysical session. The 
same analysis strategy was used to test the effects of capsaicin dose and scanning run on urge-to-
cough ratings collected during brain image acquisition. A dependent t-test was used to assess for 
differences between the C2 threshold measured in the psychophysical session and the stimulus 
used in the scanning session as the high dose of capsaicin. A repeated measures ANOVA was 
used to test the effects of session (psychophysical session, scanning session), capsaicin dose 
(high, low) and their interaction on urge-to-cough ratings. The breathing rate was tested for 
differences between the three stimuli delivered during scanning using repeated measures 
ANOVA. Variability within participants of urge-to-cough ratings relative to repeated 
presentations of fixed stimuli in the psychophysical sessions (C2-2, C2, C2+2) and the scanning 
sessions (low capsaicin dose, high capsaicin dose) was assessed by calculating coefficients of 
variation. 
 
2.3.2 Brain Image Analysis 
Pre-processing and statistical analysis of functional brain images was undertaken with the 
fMRI Expert Analysis Tool (FEAT) from the FMRIB Sofware Library (FSL) 
(www.fmrib.ox.ac.uk/fsl). Image time series were motion corrected, spatially smoothed with a 
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Gaussian kernel of 6mm full width at half maximum, and high pass filtered using a filter with 
cut-off frequency of 0.01Hz. Anatomical images and functional images were stripped of non-
brain voxels using the Brain Extraction Tool (BET) (Smith, 2002). The extracted anatomical 
image was used as an intermediate step to generate matrices using linear transformations for the 
co-registration of each participant’s functional images to the MNI template brain (Jenkinson et 
al., 2002). Statistical analysis of participants’ fMRI time series involved general linear modeling 
of BOLD signal changes using regressors that represented experimental events including the 
ready cue, ratings, saline inhalations, low capsaicin inhalations and high capsaicin inhalations. 
Regressors for the experimental events were convolved with a gamma function to take account 
of the hemodynamic response.  Signal changes associated with infrequent, uncontrolled 
coughing events (see results) were explicitly modeled using a regressor without convolution as 
we have previously described (Mazzone et al., 2011a). Motion correction parameters were 
included as regressors of no interest. 
The experimental paradigm used in this study involved procedures and stimuli that could 
produce correlations between physiological processes and experimental events. For instance, 
participants were instructed to initiate breathing to correspond with the onset of saline and 
capsaicin doses, thus leading to a coupling of the stimulus and respiratory cycle. Furthermore, 
there may have been differential effects of the stimuli on physiological responses, such as 
breathing strategies to aid in the suppression of cough during capsaicin inhalation. These putative 
correlations between experimental procedures and physiological parameters could lead to 
uncertainty about the relative contribution of neural-related and noise-related signal changes to 
task-related activation (Birn et al., 2009). The inclusion of regressors representing cardiac and 
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respiratory processes can reduce the risk of spurious activation because the temporal and spatial 
profiles of physiological parameters are different from the typical task-related BOLD response 
(Birn et al., 2008; Lund et al., 2006). We modeled physiological noise in analyses by including 
regressors that were based on signals extracted from each participant’s fMRI data. Signals were 
extracted and averaged from two regions that were unlikely to incorporate variability associated 
with neural activation, but were likely to be influenced by physiological processes (Birn at al., 
2008, 2009).  The first region consisted of voxels in the ventricles. The second region consisted 
of a single, “noisiest” voxel that showed the highest level of standard deviation across the time 
series of motion corrected images. The locations of the noisiest voxels were invariably near the 
midlines of the outer edges of participants’ brains in positions likely to be the sagittal sinus. A 
third regressor was used that represented global signal changes. This final regressor involved 
averaging of all voxels in the brain after exclusion of those voxels that showed capsaicin 
activation according to a preliminary analysis that did not incorporate a global regressor 
(Andersson 1997). 
Contrasts of parameter estimates (COPEs) for experimental events were computed to 
identify activation associated with capsaicin inhalation (low capsaicin + high capsaicin > saline) 
and intensity dependent activation (low capsaicin > high capsaicin and high capsaicin > low 
capsaicin). After transformation to standard space COPEs were averaged across runs within 
subjects and the resulting statistical maps were tested for group effects. Group maps were 
thresholded to define clusters of contiguous voxels with Z values > 2.3. To correct for multiple 
comparisons, a corrected cluster probability threshold of p < 0.05 was applied (Worsley et al., 
1992). 
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COPEs for low capsaicin and high capsaicin from each of the three scanning runs were 
also used to identify activation associated with urge-to-cough ratings. The analysis was based on 
the observation that ratings showed variance that was independent of capsaicin dose (see results 
section). An analysis was performed using three regressors that represented low capsaicin, high 
capsaicin and the mean urge-to-cough ratings for the capsaicin events that had contributed to the 
corresponding COPE. The urge-to-cough regressor was orthogonalised with respect to the low 
and high capsaicin regressors in order to identify activation associated with subjective ratings 
that was independent of any variance explained by capsaicin dose. The statistical parametric 
maps for each participant were tested for group effects and thresholded at the cluster corrected 
level.   
Activated voxels in homogenous anatomical regions from the capsaicin, intensity-
dependent and urge-to-cough contrasts were used to define regions of interest (ROI) for further 
analysis.  The ROI were transformed to the native space of each participant’s functional brain 
images and the mean of the constituent voxels were extracted as time courses. Time courses were 
divided according to the timing of experimental events and percentage signal changes during 
events were calculated relative to the baseline.  Percentage signal changes were tested for 
differences between saline, low capsaicin and high capsaicin events using paired t-tests to assess 
the nature of intensity-dependent effects.  Urge-to-cough ratings were ranked across the three 
scanning runs and the two capsaicin doses for each participant so that data could be amalgamated 
and used as independent variables in regression analyses to predict percentage signal changes 
from the regions of interest. 
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3.0 Results 
3.1 Urge-to-Cough psychophysics 
Single inhalations of increasing concentrations of capsaicin produced an increased urge-to-
cough and eventually evoked spontaneous coughing. The mean (±SEM) C2 capsaicin 
concentration in male participants was 10.5±2.6 μM and in female participants was 5.1±1.2 μM. 
The trend for lower C2 concentrations for the female participants was consistent with previous 
observations (Mazzone et al., 2007; Dicpinigaitis and Rauf, 1998), although a test of group 
differences after log conversions was not significant (male 0.89± 0.11, female 0.65±0.11, t(14) = 
1.4, n.s.). Mean group perceptual ratings and coughing events elicited by repeated randomised 
single inhalations of capsaicin concentrations corresponding with C2-2, C2 and C2+2 are shown 
in figure 3A. Repeated-measures ANOVA revealed significant effects of capsaicin concentration 
on the perceived urge-to-cough (F(2,30) = 74.8, p < 0.001) and cough frequency (F(2,30) = 25.2, 
p < 0.001). Increasing doses of capsaicin elicited increasing urge-to-cough ratings (all paired 
comparisons p < 0.001). The frequency of coughing events did not differ significantly between 
the C2-2 and C2 doses (t(15) = 1.0, n.s.), but coughing during both these doses was significantly 
less than the C2+2 dose (C2-2, t(15) = 6.5, p < 0.001; C2, t(15) = 5.1, p < 0.001). Variability 
within participants when rating repeated presentations of a fixed dose was high with an average 
coefficient of variation of 45.8% (±S.E. 5.0). 
 
3.2 Psychophysical and motor responses to capsaicin inhalation during fMRI scanning. 
Breathing rate did not differ between the inhalation of saline and the two doses of capsaicin 
(F(2,30) = 0.3, n.s., mean breaths per minute±SE, saline 15.1±0.9, low capsaicin 15.3±0.9, high 
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capsaicin 15.3±1.1) (Figure 2). Five participants coughed briefly on a total of 12 occasions 
during the 256 blocks of capsaicin inhalation across the entire group.  Seven participants 
required doses other than their C2 threshold dose to achieve a strong, but suppressible urge-to-
cough during 18 seconds of repeated inhalations. Dose adjustments included increases and 
decreases, and a pair-wise comparison of the high doses used during scanning with the 
participants’ C2 thresholds showed the absence of a systematic difference (t(15) = 0.3, n.s.).  
Mean within-scan ratings of urge-to-cough were significantly greater following the high dose of 
capsaicin compared with the low dose (F(1,15) = 7.7, p < 0.05) (Figure 3B). Repeated measures 
ANOVA (F(2,30) = 16.5, p < 0.001) and post hoc testing revealed a significant effect of scan 
order, with participants providing significantly greater mean urge-to-cough ratings during the 
first scan compared with the second (t(15) = 3.6, p < 0.005) and third scans (t(15) = 5.2, p < 
0.005), and during the second compared with the third scan (t(15) = 2.5, p < 0.05). The level of 
urge-to-cough reported by participants was increased during the scanning session compared to 
ratings made during the psychophysical session at comparable doses (F(1,15) = 27.9, p< 0.005)  
The absence of an interaction effect (F(1,15) = 0.9, n.s) and post hoc independent t-tests showed 
that the increased ratings were apparent for both doses (low dose versus C2-2, t(15) = 2.4, 
p<0.05, high dose versus C2, t(15) = 2.5, p<0.05).  Two participants experienced additional 
sensations during scanning that were described as an intermittent urge-to-sneeze that did not 
correlate with timing of capsaicin blocks, and lingering irritation of the throat after some blocks 
of capsaicin. 
There was considerable variability in ratings, with some participants showing mean urge-to-
cough ratings for low doses that were greater than urge-to-cough ratings for high doses within a 
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scanning run (Figure 3B). There were four to six instances per scanning run of higher urge-to-
cough ratings at the lower dose throughout the imaging protocol, and eight participants 
contributed at least one of these instances. Two additional participants had higher ratings of 
urge-to-cough for a low dose compared to a high dose within a run at least once, although had 
higher levels of urge-to-cough at high doses when ratings were averaged across the scanning run. 
All the remaining participants reported varying levels of urge-to-cough for a given dose. The 
mean coefficients of variation for urge-to-cough ratings for low and high doses for all 
participants were 56.7% (±S.E. 9.7) and 59.6% (±S.E. 4.1). 
 
 
 
3.3 Brain activation associated with capsaicin inhalation. 
Consistent with our previous report (Mazzone et al., 2007) inhalation of capsaicin and the 
ensuing urge-to-cough was associated with increased BOLD signal activity in a widely 
distributed network of brain regions including the prefrontal, motor, somatosensory and 
cingulate cortices, insula, putamen, thalamus, midbrain, brainstem, and cerebellum (Figure 4 and 
Table 1). 
 
3.4 Capsaicin intensity-dependent brain activation 
Regions showing a stimulus-intensity dependent increase in BOLD signal change during 
capsaicin inhalation (identified by the contrast high capsaicin > low capsaicin) included the 
premotor cortex, primary motor and somatosensory cortices, secondary somatosensory cortex, 
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mid-cingulate cortex, and insula (Figure 4 and Table 2).  No brain regions showed activation for 
the contrast of low capsaicin > high capsaicin. 
 
3.5 Urge-to-Cough dependent brain activation 
Activation correlating with the intensity of urge-to-cough ratings occurred in the mid 
cingulate cortex and primary and secondary somatosensory cortices in both hemispheres. The 
right inferior parietal lobule, left posterior insula and precentral cortex also showed urge-to-
cough intensity-related activation (Figure 4 and Table 3). 
 
3.6 Brainstem activations 
Three brainstem levels corresponding to the pons, rostral medulla and caudal medulla 
showed activations for the contrast all capsaicin > saline (Figure 5, Table 1).  Only one region 
(in the area likely including the lateral parabrachial nucleus in the pons) was activated in a dose 
dependent manner at a cluster corrected level (Figure 5B, E).  Bold signals extracted from the 
rostral medulla for region of interest analysis were significantly different for all pairwise 
comparisons between saline, low capsaicin and high capsaicin (high > saline t(15) = 3.3, 
p<0.005, high > low t(15) = 2.2, p<0.05, low > saline t(15) = 2.7, p<0.05) (Figure 5C, F).   
Similarly signals extracted from the caudal medulla for region of interest analysis were 
significantly different for pairwise comparisons between saline and low capsaicin (t(15) = 2.3, 
p<0.05) and saline and high capsaicin (t(15) = 2.6, p<0.05), but not for low capsaicin and high 
capsaicin (t(15) = 0.4, n.s.) (Figure 5D, G).  
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3.7 Patterns of signal change from regions of interest 
Capsaicin activation showed two patterns of intensity-dependent signal changes. The 
majority of regions with intensity related differences showed significantly greater levels of signal 
change for high capsaicin compared to low capsaicin, which was greater than saline events. 
Figures 6C & D provide examples of this pattern from the right insula and MCC. The majority of 
regions activated for the contrast of high > low capsaicin showed a graduated response pattern as 
observed for the right insula and MCC (indicated with an * in Table 2). Regions including the 
superior frontal gyri, supplementary motor area, left cerebellum (Figure 6A) and right inferior 
frontal gyrus (Figure 6B) showed increased levels of activation for high capsaicin and an absence 
of any difference between saline and low capsaicin events. Regions of capsaicin activation that 
did not show intensity-dependent signal changes included the right inferior parietal lobule 
(Figure 6E), the prefrontal cortex (Figure 6F). Urge-to-cough ratings predicted BOLD signal 
changes observed in the left MCC and right primary somatosensory cortex (SI) (MCC, R2 = 
0.96, SI, R2 = 0.97, Figure 6G & H). Graphical representations of all regions showing activation 
for high greater than low capsaicin or correlation with urge-to-cough ratings are included as 
supplementary information.  
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4.0 Discussion 
The perception of airways irritation, including the ability to approximate the locus of irritation 
indicates that sensory information arising from the airways ascends the neuroaxis beyond the 
initial sensorimotor reflex nuclei in the brainstem. This higher order processing is likely involved 
in generating an awareness of the respiratory environment and in the volitional control of basal 
respiration and evoked respiratory responses.  Sensations evoked by noxious airway stimuli can 
therefore be considered as a cognitive motivator of behavior that facilitates relief of airway 
irritation (Davenport and Vovk, 2009).  Collectively, sensations arising from noxious stimulation 
of the airways represent an experience incorporating sensory, motor and cognitive/motivational 
components, so it is not surprising that the activations associated with noxious airway irritation 
are distributed throughout the human brain, as we have previously shown (Mazzone et al., 2007).  
Our principal objective was to extend our previous functional brain imaging data showing that 
airways irritation with inhaled capsaicin enlists a distributed brain network (Mazzone et al., 
2007) by identifying dissociable response patterns within the network that may provide insights 
in the role of constituent brain regions in respiratory sensation. We measured brain activation in 
association with two concentrations of inhaled capsaicin to facilitate identifying brain regions 
implicated in stimulus coding, stimulus-independent responses and correlation with subjective 
experience. Our findings build upon our current framework of suprapontine cough networks by 
defining regional response patterns to capsaicin inhalation that likely represent different 
functional processes involved in detecting, localizing and quantifying noxious stimuli within the 
airways.   
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4.1 Replication and extension of circuit elements involved in capsaicin inhalation 
Recent studies from our group have mapped the higher brain circuitry involved in the urge-
to-cough and the regulation of coughing (Mazzone et al., 2007; 2011).  This circuitry has broad 
similarities with that responsible for general interoceptive processing (Craig 2009; Critchley et 
al., 2004).  We have reported that capsaicin inhalation, at doses that do not evoke reflex 
coughing but are sufficient to evoke an urge-to-cough, produces activations in a distributed brain 
network notably including the primary sensory and motor cortices, the anterior mid-cingulate 
cortex, insula, supplementary motor area, orbitofrontal cortex and cerebellum.  In the present 
study, employing a different cohort of participants, manipulation of capsaicin dose, improved 
MRI instrumentation (introduction of 32 channel head coil) and advances in the image analysis 
protocol, we have confirmed much of this general network.  Capsaicin challenge, when 
compared to saline, was associated with activations in the primary sensorimotor cortex, anterior 
insula, anterior mid-cingulate cortex, prefrontal cortex, supplementary motor area and 
cerebellum, consistent with our earlier findings.  Furthermore, we have also identified novel 
activation in the thalamus, lentiform nuclei and brainstem, not previously reported and probably 
due to the improved experimental methodology. The network activated by capsaicin challenge is 
likely to contribute significantly to the detection of noxious airway stimulation.  A number of 
activated regions could represent components involved in attention and other higher order 
processes (inferior parietal lobule, superior and middle frontal gyri), or the motor circuitry 
involved in modifying respiratory control (mid cingulate cortex, primary sensorimotor cortex, 
19 
This is a post-print version of the following article: Farrell, Michael J., Cole, Leonie J., 
Chiapoco, David, Egan, Gary F. and Mazzone, Stuart B. (2012) Neural correlates coding 
stimulus level and perception of capsaicin-evoked urge-to-cough in humans. NeuroImage, 61 4: 
1324-1335. 
 
thalamus, putamen, cerebellum) or allowing for cough suppression (supplementary motor area, 
inferior frontal gyrus) following capsaicin inhalation.   
 
 
 
4.2 Dose-dependent versus dose-independent brain activations: Evidence for distinct network 
components. 
On average the ratings of urge-to-cough showed a positive relationship to capsaicin 
concentration in both the psychophysical and scanning sessions, which indicate that components 
of the cough circuitry in the brain respond in a dose-dependent manner to the stimulus 
magnitude.  Varying the dose of the capsaicin identified dose-dependent activations in the insula, 
anterior mid-cingulate cortex, primary and premotor motor cortices, central operculi, putamen 
and thalamus.  The fidelity of these network components may subserve the dose-dependent 
responses evoked by capsaicin inhalation.  In contrast to the dose-dependent regional activations, 
activations in the posterior parietal and prefrontal cortices were unrelated to the capsaicin 
concentration (i.e., dose-independent), and instead demonstrated a categorically different 
activation pattern following capsaicin or saline challenge.  
There is evidence to suggest that distinct spatial and intensity discrimination circuits 
comprise a distributed network that is involved in somatic sensation (Olausson et al., 2005; 
Oshiro et al., 2009).  Our findings suggest that distinct spatial and intensity discrimination 
circuits are also applicable to airway nociception.  Insula activations are graded relative to the 
intensity of nociceptive stimuli applied to somatic and visceral tissues, suggesting that the insula 
20 
This is a post-print version of the following article: Farrell, Michael J., Cole, Leonie J., 
Chiapoco, David, Egan, Gary F. and Mazzone, Stuart B. (2012) Neural correlates coding 
stimulus level and perception of capsaicin-evoked urge-to-cough in humans. NeuroImage, 61 4: 
1324-1335. 
 
comprises a key element in the dose-discrimination circuitry (Olausson et al., 2005; Oshiro et al., 
2009), which is consistent with the observed robust capsaicin dose-dependent activations in this 
region. However, the anterior insula may also play a role in contributing the significance of a 
stimulus into decisions about pain (Wiech et al., 2010).  By contrast, our data are consistent with 
the notion that sensory evoked responses in the prefrontal and posterior parietal cortices may 
contribute to spatial discrimination of the sensory input (Oshiro et al., 2007).  Prefrontal regions 
show a dose-independent pain activation that may reflect participants’ evaluations of stimuli by 
recall and comparison with previous exposures.  Thus, regions showing dose-independent 
responses in the present study may contribute to contextualizing and localizing the stimulus 
rather than being involved in the representation of graduated sensory or motor responses.  The 
hub of the interaction between these two sub-networks lies within the anterior mid cingulate 
cortex, an area that is robustly activated for all inhaled capsaicin and cough experimental 
paradigms (Mazzone et al., 2007; 2011; Simonyan et al., 2007). 
Dose-dependent activations in the superior frontal gyri, supplementary motor area, right 
inferior frontal gyrus and cerebellum did not show significant differences between saline and low 
capsaicin challenges.  Increased activation during the high capsaicin dose may indicate a role for 
these regions in cough suppression.  The frequency of cough in the psychophysical session 
increased significantly at the dose above the C2 concentration, compared to the C2 and C2-2 
concentrations. Given that the C2 capsaicin concentration had reliably evoked two coughs during 
initial assessment of airways sensitivity, then the later reduction in cough frequency at the C2 
dose represented successful attempts to actively suppress coughing. The suppression of coughing 
was also necessary during scanning, and actively suppressing cough would be most likely during 
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the high capsaicin challenge dose. The supplementary motor area and inferior frontal gyrus are 
brain regions that are frequently activated in human functional brain imaging experiments that 
involve response inhibition such as go/no-go tasks (Chikazoe, 2011; Simmonds et al., 2008). 
Activation in these regions during capsaicin inhalation may be related to attempts to inhibit 
coughing, consistent with our recent findings (Mazzone et al., 2011).   
The collection of whole brain imaging data sets provided an opportunity to investigate 
functional responses in pontine and medullary brainstem regions associated with capsaicin 
inhalation. Capsaicin dose dependent activations were seen in a region in the dorsal pons that 
overlaps an area previously shown to contain the lateral parabrachial nucleus activated during 
breath holding and carbon dioxide stimulated respiration (McKay et al., 2008; Pattinson et al., 
2008).  Interestingly, we have shown (in rodents) that airway afferent pathways ascend to 
cortical regions in part via the lateral parabrachial nucleus (McGovern et al., 2012).  Significant 
capsaicin-evoked activations were also noted in the rostral and caudal medulla, in a location that 
overlaps with that reportedly activated during volitional breath holding (Pattinson et al., 2008, 
2009) and may comprise the pre-Bötzinger complex  or other neighboring respiratory nuclei 
(Schwarzacher et al., 2011) essential for respiratory rhythm generation and control.  However, 
although, it is tempting to speculate on the precise location of these brainstem activations and 
therefore ascribe them possible functional roles in capsaicin evoked urge-to-cough generation, 
these data must be interpreted with caution.  We and others have previously discussed the 
limitations when assessing brainstem responses that are obtained as part of whole brain imaging 
(Mazzone et al., 2011; Dunkley et al., 2005; Napadow et al., 2006).  These problems become 
readily apparent when our brainstem data (Figure 5) are examined carefully.  For example, the 
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rostral medulla activated significantly in a dose-dependent fashion when BOLD signals were 
extracted for a region of interest analysis, however this activation was not significant at a cluster 
corrected level.  Indeed, significant problems exist with signal-to-noise ratios and spatial 
resolution under these scanning conditions and as such optimized functional imaging of the 
brainstem is needed to confidently assess responses in this region of the nervous system 
(Pattinson et al., 2009).  The study design also does not allow us to confirm whether these 
activations (if accurate) reflect voluntary descending suppressive control mechanisms (as in the 
case of breath holding; Pattinson et al., 2008) or ascending regulation of breathing via sensory 
processing of pulmonary afferent inputs.  However, both are plausible explanations for neural 
responses observed in these brainstem regions. 
 
4.3 Brain activations related to the intensity of ratings of urge-to-cough  
Repeated challenges with capsaicin of variable doses evoked urge-to-cough ratings that were 
related to capsaicin concentration in both the psychophysical and MRI scanning sessions. 
Previous reports of the stimulus/response function for capsaicin-evoked urge-to-cough have 
produced similar results (Davenport et al, 2002; 2007). However, at the individual participant 
level urge-to-cough ratings were frequently inconsistent with the challenge dose during the 
scanning session, and also during the psychophysical session. Variance of responses is a normal 
feature of psychophysics that can be managed through averaging to derive representative 
outcomes, or may be explicitly modeled to derive other parameters. For instance, staircase 
methods define a threshold as the stimulus that elicits a target response on half the occasions of 
presentation (Gracely et al., 1988), thus acknowledging the variability inherent in human 
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responses to repeated stimuli. This variability of responses is dependent on the modality of 
stimulus. Magnitude estimates for exteroceptive inputs (i.e. visual estimates of light intensity) 
can be closely related to stimuli (Stevens 1957), whereas the relationships between bodily stimuli 
and responses tend to be less reliable (Holzl et al., 1996). Further distinctions in variability of 
responses are apparent for bodily stimuli applied to the skin and viscera, the later being notable 
for the lowest level of predictability (Strigo et al., 2002). The innervation of most visceral 
structures is dominated by small diameter primary afferents  (Cervero 1985) that typically give 
rise to sensations that are diffuse, ill defined and poorly predicted by stimulus intensity 
(Torebjork 1985).  Consequently, the degree of variability among participants when rating their 
urge-to-cough is perhaps expected given the nature of the stimulus and sensory pathways 
involved (i.e., capsaicin-sensitive small diameter primary afferents).  However the progressive 
waning (tachyphylaxis) of capsaicin-evoked responses that typically occurs with multiple 
challenges (present study, see also Mazzone et al., 2007) also appeared to contribute to 
variability in the urge-to-cough ratings.  Further systematic variability in urge-to-cough ratings 
was also apparent when responses were compared between a single inhalation in the 
psychophysical session to multiple inhalations during 18 seconds of stimulation in the imaging 
protocol, the later being associated with increased levels of urge-to-cough.  We also cannot rule 
out the possibility that the unique environment of the MRI scanner coupled with the expectation 
of capsaicin challenge resulted in participants experiencing variable levels of elevated anxiety, 
which is well known to modify respiratory sensory perception and evoked cortical responses (see 
Van den Bergh et al., 2011 for an excellent review). 
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Irrespective of the contributing factors, dissociation of capsaicin dose and urge-to-cough 
ratings enabled the direct assessment of regional brain activations that were dependent upon 
sensory intensity rather than the level of stimulus dose. Our results revealed activations in the 
primary and secondary sensory cortices, mid-cingulate cortex, posterior parietal cortex and 
posterior insula where the BOLD signal magnitude was significantly correlated with urge-to-
cough ratings.  Interestingly, we previously reported correlations between subjective capsaicin 
urge-to-cough ratings and regional activations in the right primary sensory cortex and the 
anterior mid-cingulate cortex using ROI analysis based on capsaicin activation (Mazzone et al., 
2007).  Indeed our data are consistent with the observation that repeated painful esophageal 
distensions of comparable stimulus intensity in humans evokes a progressive reduction in BOLD 
signal activations in S1, anterior mid-cingulate cortex (BA24) and the supplementary motor area 
(BA6), which are accompanied by an analogous decrease in subjective pain ratings (Coen et al., 
2007). 
Our findings suggest that the experience elicited by capsaicin inhalation is represented in a 
number of brain components that could contribute to coding of the level of noxious stimuli 
applied to the airways. This coding is likely to pertain to the magnitude and/or spatial extent of 
stimuli interacting with the upper airways, the strength of the compulsion to enlist a motor 
response (in this instance cough), the sense of effort related to suppressing that response, and the 
aversiveness/ unpleasantness of the sensation.  Brain regions implicated in the subjective 
experience of an urge-to-cough were in somatosensory, associative and limbic cortices 
suggesting that motor components may be less important than sensory and motivational 
components for ratings of the intensity of airway irritation.  Psychometric and psychophysical 
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procedures of greater complexity than those reported in this study are required to further 
delineate the phenomenology of urge-to-cough ratings (Dicpinigaitis et al., 2011), and insights 
from such approaches could inform future attempts to investigate the functional neuroanatomy of 
the urge-to-cough network. 
 
4.4 Comparison with breathing control networks 
The present study was not designed to rigorously assess breathing control networks.  
Nevertheless, given that breathing control and awareness is likely to be influenced by inhalation 
of capsaicin (and this could be dependent on stimulus intensity), some discussion of the patterns 
of activation noted in our study of capsaicin evoked sensation with respect to the current 
literature on breathing control seems appropriate. The functional neuroanatomy of breathing has 
been investigated with functional brain imaging and/ or positron emission tomography (PET) 
imaging in humans and the brain regions implicated in breathing control and awareness 
correspond with some of the regions showing dose-dependent activations in this study.  
Volitional inspirations and expirations are associated with activations of different regions of the 
motor cortex, supplementary motor area, premotor cortex and cerebellum, presumably reflecting 
the planning and execution of respiratory muscle activity (Evans et al., 1999; Ramsay et al., 
1993).  As reported in our previous study (Mazzone et al., 2011), the cued respiratory maneuvers 
used in our study design likely involve some conscious control of breathing.  Studies of 
activation associated with chemo-stimulated increases in ventilation showed regional brain 
responses in areas that also showed dose-dependent capsaicin effects in the current study 
including the mid cingulate cortex, operculum, putamen, thalamus and cerebellum (Corfield et 
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al., 1995; McKay et al., 2010). These regions are also activated during the experience of air 
hunger, and are supplemented by activation in the anterior insula and amygdala (Liotti et al., 
2001; Evans et al., 2002).    Indeed, it is possible that breathing responses to different doses of 
capsaicin could be associated with brain activation in regions ascribed with functional roles in 
the control and awareness of breathing.  Consistent with this (and similar to air hunger), 
experimental dyspnea induced by a variety of modified ventilation strategies produces 
activations in the cingulate cortex, insula, sensoimotor cortex, operculum and supplementary 
motor area (Banzett et al., 2000; von Leupoldt and Dahme, 2005; von Leupoldt et al., 2009; 
Peiffer et al., 2001).  
 
4.5 Limitations 
A limitation of the current approach to measuring urge-to-cough is that the rating cannot be 
used to distinguish between attributes of the experience such as sensory intensity and 
aversiveness/unpleasantness. Experience from the investigation of brain responses associated 
with the intensity and unpleasantness of pain and dyspnea supports delineation because the two 
components of sensation can vary independently and there are differences in the central 
representations of the components. Experimental paradigms that have produced independent 
variance in the intensity and unpleasantness of pain through the use of hypnosis or manipulation 
of stimulus properties have reported regional brain activation correlating with unpleasantness in 
the mid cingulate cortex and anterior insula (Rainville et al., 1997; Tolle et al., 1999). 
Furthermore, lesions of the insula and cingulate have also been associated with attenuation of the 
affective dimension of pain and dyspnea (Schon et al., 2008). It seems likely that brain responses 
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associated with capsaicin inhalation would also include regions that code unpleasantness, and 
that the cingulate cortex and insula head the list of putative regions contributing to the aversive 
dimension of an urge-to-cough. 
Although this study was designed to assess aspects of respiratory sensation rather than 
breathing control per se, the lack of inclusion of detailed respiratory monitoring equipment could 
be considered a limitation of the study.  Respiratory stimuli, as is also true for noxious stimuli 
applied to other body regions, is likely to evoke systematic modifications in breathing pattern 
that could conceivably contribute to the activations reported in this study.  Indeed, as discussed 
above, some regional activations overlapped with those previously reported in studies assessing 
breathing control (Evans et al., 1999; Ramsay et al., 1993; Corfield et al., 1995; McKay et al., 
2010).  The respiratory monitoring used in this study was limited to estimates of breathing rate, 
which did not differ between the saline and capsaicin inhalations akin to the lack of effects we 
observed in our earlier study (Mazzone et al., 2007), suggesting that breath holding was unlikely 
to be a strategy used by participants to suppress coughing. It is feasible however that breathing 
strategies other than rate changes could have occurred during the capsaicin inhalations but our 
monitoring did not allow for an empirical assessment of other breathing-related parameters and 
precluded any opportunity to incorporate breathing into the analysis of the brain imaging data.  
Furthermore, short term and/ or long term alterations in vascular carbon dioxide levels as a 
consequence of changes in breathing pattern may alter the sensitivity or pattern of BOLD signal 
measurements (Wise et al. 2004).  Consistent with this, we have previously shown global BOLD 
signal changes associated with the short respiratory pause that is often performed by participants 
in preparation for the cued inhalation of capsaicin (Mazzone et al., 2011).  Several previous 
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studies have used physiological measures (such as exhaled carbon dioxide) to indirectly correct 
for possible fluctuations in BOLD signal sensitivity (for example see Pattinson et al., 2009).  Our 
approach, however, was to follow a strategy we used previously (Mazzone et al., 2011) and first 
advocated by Birn and colleagues (2008, 2009), which involves directly measuring BOLD 
signals in regions of the brain that don’t likely contribute to neurally evoked responses (i.e., the 
ventricles and the nosiest voxel, which is usually in the saggital sinus) and then using these as 
regressors for correcting short and long term changes in BOLD signal sensitivity.  This approach 
will directly account for much of the respiratory related effects on BOLD signal changes 
associated with our sensory stimuli.   
 
4.6 Conclusions 
Brain regions activated during inhalation of variable doses of capsaicin showed four 
response patterns that can be described as graduated by dose, all or nothing, high dose only and 
related to the intensity of urge-to-cough.  Graduated responses were the most common pattern 
for brain regions activated by capsaicin inhalation and included the anterior mid cingulate cortex, 
insula and premotor cortex. Graduated responses are likely to represent processes such as coding 
of stimulus dose and control of calibrated motor outputs. Prefrontal and associative regions of 
the parietal cortex demonstrated all or nothing responses that could be related to higher order 
cognitive processes or spatial localization initiated by airways challenge. Inhalation of capsaicin 
at a dose likely to engage conscious cough (motor) suppression activated brain regions including 
the inferior frontal gyrus and supplementary motor area that are typically activated during 
response inhibition.  Ratings of the urge-to-cough were closely related to levels of activation in 
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somatosensory, limbic and associative cortices.  The identification of dissociable patterns of 
brain response during capsaicin inhalation highlights the possibility that brain regions could be 
selectively targeted to potentiate or antagonize aspects of cough control in clinical conditions.        
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Figure Legends 
 
Figure 1. The line graph in the lower panel represents the timing and order of stimulus blocks 
during a single scanning run (one of three) that involved the delivery of nebulized saline, or a 
low dose of capsaicin, or a high dose of capsaicin.  The upper panel is an enlarged view of a 
single stimulus block and includes indications of the timing for stimulus delivery (shaded grey) 
and visual cues that altered participants to the upcoming onset of a stimulus (Ready Cue), 
prompted participants to commence inhalation (Go Cue) and requested participants to rate the 
level of urge-to-cough experienced during the preceding stimulus block (Rate Cue). 
 
 
Figure 2. Representative traces showing an example of respiratory pattern recordings during 
each of the 8 challenge blocks that constitute a single scanning run in one subject.  In this 
example, the scanning run consisted of 2 saline, 3 low capsaicin and 3 high capsaicin blocks.  
Note the absence of any systematic effect of challenge type on respiratory pattern.  A.U. = 
Arbitrary Units and the black bar shows the challenge duration.  The limitations of these 
recordings are discussed in text.   
 
 
Figure 3. Capsaicin evoked stimulation of the airways during (A) psychophysical testing and (B) 
functional brain imaging (fMRI).  (A) Participants inhaled capsaicin of three concentrations on 
four occasions in random order during a psychophysical session. Ratings of the subjective 
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perception of airway irritation (urge-to-cough) increased linearly with increasing dose of 
capsaicin, while the frequency of coughing increased steeply after the initial threshold for cough 
was surpassed.  (B) Two doses (low and high) of capsaicin were randomly administered during 
three fMRI scanning runs. The mean subjective stimulus ratings of the group showed increased 
levels of urge-to-cough for the higher dose during all three scans (triangle symbols). The ratings 
of individual participants were variable. Most participants reported increased levels of urge-to-
cough at the higher dose of capsaicin (solid lines), but some participants experienced a greater 
urge at the lower dose of capsaicin (dashed lines). Error bars are standard errors. 
 
Figure 4. Regional brain activations evoked by capsaicin inhalation.  Participants inhaled saline 
or a low or high dose of capsaicin during fMRI scans. Activation associated with the contrast of 
all capsaicin > saline is shown on slices of the brain images in the left column. The slices in the 
right column incorporate a logical map. Green regions represent activated voxels for the contrast 
of high capsaicin > low capsaicin.  The blue regions show activation associated with participant 
subjective ratings of stimulus perception (urge-to-cough) after removing variance explained by 
the contrast of high > low doses of capsaicin. Regions that were activated by both the contrasting 
doses and urge-to-cough ratings are shaded in pink.  (A) The right orbitofrontal cortex (OFC) 
and left/midline cerebellum (CBLM) were activated during inhalation of capsaicin. (B) The 
CBLM showed stimulus intensity-dependent signal changes.  (C) Capsaicin inhalation was 
associated with robust activation in bilateral insula (INS), central operculum (CO), and right 
inferior frontal gyrus (IFG).  (D) The right inferior frontal gyrus and bilateral insula showed 
stimulus intensity-dependent signal changes. (E) Capsaicin activation in the prefrontal cortex 
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(PFC) was not stimulus intensity-dependent.  (F) The premotor cortex (PMC) showed stimulus 
intensity-dependent activation, while the primary somatosensory cortex (SI) showed activation 
related to the urge-to-cough.  (G) Capsaicin activation occurred in the right inferior parietal 
lobule (IPL).  (H) Capsaicin activation in the IPL did not show an intensity dependent pattern at 
z = 54.  (I,J) Capsaicin, intensity-dependent and urge-to-cough activations occurred in the mid 
cingulate cortex (MCC) in both hemispheres. Sagittal slices from either hemisphere are used to 
provide examples of the three patterns of activation, which were generally the same in the 
alternate hemisphere (see Tables 1, 2 and 3 for locations of peak activations in the MCC). 
Capsaicin activation in the MCC is shown in the right hemisphere in panel I, and intensity-
dependent and urge-to-cough activation in the MCC is shown on a slice from the left hemisphere 
in panel J. Activations are rendered on the average of all participants’ high-resolution anatomical 
image after transformation to the MNI template brain. The positions of axial slices are in mm 
superior (+ve z) or inferior (-ve z) to the anterior commissure, with the right hemisphere on the 
right side of the image. Sagittal images are positioned in mm either right (+ve x) or left (-ve x) of 
the midline.   
 
Figure 5. Regional brainstem activations evoked by capsaicin inhalation.  Participants inhaled 
saline or a low or high dose of capsaicin during fMRI scans. Cluster corrected activations 
associated with the contrast of all capsaicin > saline or high capsaicin > low capsaicin are 
shown in red and green respectively on the logical maps in panels A-D. (A) A sagittal image 
showing the three rostal to caudal brainstem levels (z=-26, -48 and -60, corresponding to the 
pons, rostral medulla and caudal medulla) which activated significantly for the contrast all 
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capsaicin > saline (see Table 1).  (B-D)  The circles on the axial slices at each rostral to caudal 
brainstem level delineate the specific loci from which signals were extracted for region of 
interest analysis to assess the mean quantitative regional blood oxygen level dependent (BOLD) 
signal changes evoked by inhalation of saline or capsaicin.  (E) The dorsal pons (z=-26) was an 
example of a brainstem region which activated significantly at a cluster corrected level for the 
contrast high capsaicin > low capsaicin.  (F-G)  Although significant differences between mean 
quantitative regional BOLD signal changes were found based on a region of interest analysis for 
the rostral (z=-48) and caudal (z=-60) medulla, the contrast high capsaicin > low capsaicin was 
not different at a cluster corrected level.  Activations are rendered on the average of all 
participants’ high-resolution anatomical image after transformation to the MNI template brain. 
The positions of axial slices are in mm inferior (-ve z) to the anterior commissure, with the right 
side of the brainstem on the right side of the image. The colors in the bar charts correspond to the 
colors in the logical maps. 
 
Figure 6. Mean quantitative brain regional blood oxygen level dependent (BOLD) signal 
changes evoked by inhalation of saline or capsaicin. Signals were extracted from regions of 
interest to assess response patterns during the inhalation of two doses of capsaicin or saline. 
Regions including the left cerebellum (L CBLM, panel A) and the right inferior frontal gyrus (R 
IFG, panel B) showed activation that was principally associated with the high dose of capsaicin. 
The right insula (R INS, panel C) and mid cingulate cortex (R MCC, panel D) showed graduated 
levels of signal change for the two doses of capsaicin. Capsaicin activation that was independent 
of stimulus intensity included signal changes in the right inferior parietal lobule (R IPL, panel E) 
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and prefrontal cortex (R PFC, panel F). Activations in the left MCC (panel G) and right primary 
somatosensory cortex (R SI, panel H) were related to subjective ratings of the urge-to-cough.  
The colors (green, red, pink and blue) correspond to the colours shown in Figure 4. Error bars are 
standard errors. * p < 0.05. Graphical representations of all regions showing activation for high 
greater than low capsaicin or correlation with urge-to-cough ratings are included as 
supplementary information. 
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Table 1.  Regional brain activations evoked by inhalation of capsaicin in healthy human 
participants. 
 
Region BA Peak Activation Z Score 
  x y z  
Superior Frontal Gyrus 6 -18 4 66 3.96 
 9 -40 48 24 3.62 
 6 24 4 66 3.80 
 6 10 14 58 4.18 
 10 26 52 20 3.72 
Supplementary Motor Area 6 4 4 62 3.67 
 6 -12 -2 62 3.72 
Middle Frontal Gyrus 9 -40 48 24 3.62 
 6 44 18 48 3.40 
Mid Cingulate Cortex 32 -6 14 38 4.04 
 24 12 10 36 4.07 
 32 12 22 28 4.81 
Premotor Cortex 6 -60 4 24 3.95 
 9 56 10 30 4.34 
Primary Sensory/Motor Cortex 3/4 -40 -18 32 3.94 
 3/4 38 -14 32 4.32 
Post Central Gyrus 43 -58 -4 6 5.02 
 43 60 0 6 5.14 
 43 60 6 6 5.59 
Inferior Parietal Lobule 40 -56 -30 38 3.28 
 40 60 -30 44 4.68 
Orbitofrontal Cortex 47 32 30 -18 3.44 
Inferior Frontal Gyrus 47 34 32 2 3.48 
Insula 13 -32 12 0 5.02 
 13 30 16 2 4.51 
Putamen  -26 -2 4 3.88 
  18 4 6 3.97 
Thalamus      
Ventral Posterior Lateral  -22 -22 10 4.00 
Ventral Anterior  -12 -4 6 3.70 
  12 -2 6 3.35 
Sub Thalamus  -12 -18 -6 3.79 
  12 -16 -6 3.88 
Cerebellum      
Dentate  -12 -62 -26 3.90 
  12 -62 -24 3.51 
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Tonsil  -32 -56 -36 3.16 
  38 -54 -40 3.26 
  -22 -68 -26 3.88 
Pons  12 -34 -26 3.16 
Medulla  -6 -38 -48 2.71 
  8 -38 -48 2.63 
  -6 -40 -60 2.93 
  6 -40 -62 2.66 
 
The data show brain regions where the blood oxygen level dependent (BOLD) signal change 
during capsaicin inhalation was significantly greater than that during saline inhalation, regardless 
of the capsaicin challenge concentration (i.e., all capsaicin > saline). The co-ordinates of peak 
activations are reported as distance in mm from the anterior commissure according to the 
standard brain of the Montreal Neuroscience Institutes. Positive x values are to the right, 
negative x values are to the left, positive y values are anterior, negative y values are posterior, 
positive z values are superior, and negative z values are inferior of the anterior commissure. BA, 
Brodmann Area.   
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Table 2.  Capsaicin intensity-dependent regional brain activations. 
 
Region BA Peak Activation Z Score H>L>S 
  x y z   
Superior Frontal Gyrus 6 -12 2 58 3.49  
 6 22 2 64 4.01  
Supplementary Motor Area 6 8 0 66 3.19  
Mid Cingulate Cortex 24 -8 26 22 3.33 * 
 24 -8 8 40 3.29 * 
 24 6 14 26 3.63 * 
 24 10 0 46 3.25 * 
Motor/Premotor Cortex 4 -48 -6 24 3.45 * 
 6 -52 -4 30 3.23 * 
 6 56 6 36 3.36 * 
 6 48 -4 28 3.26 * 
 6 52 6 18 3.54 * 
Inferior Frontal Gyrus 47 36 26 6 3.10  
Anterior Insula 13 -30 4 10 3.53 * 
 13 32 22 6 3.77 * 
Central Operculum  -40 -2 16 3.21 * 
  46 6 4 3.45 * 
Putamen  22 0 8 3.01 * 
Thalamus       
Ventral lateral  12 -12 6 3.09 * 
Cerebellum       
Lingual  -2 -48 -20 3.15  
Dentate  -14 -60 -20 3.24  
 
 
The data show brain regions where the blood oxygen level dependent (BOLD) signal change was 
related to the stimulus intensity.  Brain regions listed in the table showed levels of BOLD signal 
changes during inhalation of high capsaicin that were significantly greater than signal changes 
during inhalation of low capsaicin (high capsaicin > low capsaicin). Regions listed in the table 
that additionally showed increased BOLD signal changes for low capsaicin greater than saline 
(low capsaicin > saline) are indicated by on asterisk in the column labeled H>L>S. The co-
ordinates of peak activations are reported as distance in mm from the anterior commissure 
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according to the standard brain of the Montreal Neuroscience Institutes. Positive x values are to 
the right, negative x values are to the left, positive y values are anterior, negative y values are 
posterior, positive z values are superior, and negative z values are inferior of the anterior 
commissure. BA, Brodmann Area. 
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Table 3. Regional brain activations associated with participant ratings of urge-to-cough. 
 
Region BA Peak Activation Z Score 
  x y z  
Mid Cingulate Cortex 24 -2 8 40 4.22 
 32 -4 12 30 4.61 
 24 4 -18 36 4.19 
 24 8 6 46 5.40 
 32 8 18 30 4.75 
Precentral Gyrus 6 -42 0 28 7.56 
Somatosensory Cortex      
SI 2 -58 -16 30 9.68 
 1 64 -14 26 6.68 
SII (Parietal Operculum)  -48 -36 18 4.52 
  48 -32 20 4.15 
Inferior Parietal Lobule 40 56 -38 28 4.91 
Central Operculum  -48 -6 6 3.74 
Posterior Insula 13 -36 -20 10 3.13 
 
The data show brain regions where activations correlate with the reported urge-to-cough 
subjective ratings provided by participants after removing variance explained by the contrast of 
high > low doses of capsaicin.  The co-ordinates of peak activations are reported as distance in 
mm from the anterior commissure according to the standard brain of the Montreal Neuroscience 
Institutes. Positive x values are to the right, negative x values are to the left, positive y values are 
anterior, negative y values are posterior, positive z values are superior, and negative z values are 
inferior of the anterior commissure. BA, Brodmann Area.   
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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